Background and objectives: Vitamin D deficiency (defined by serum levels of 25-hydroxyvitamin D) is common in patients with ESRD on hemodialysis, but risk factors are unknown. This study was conducted to determine whether routinely measured clinical and demographic parameters could identify dialysis patients who are vitamin D deficient.
I mpaired metabolism of vitamin D is among the most recognized disorders associated with chronic kidney disease (CKD). In healthy individuals, vitamin D is initially synthesized in the skin or acquired via the diet, hydroxylated to 25-hydroxyvitamin D in the liver, then converted to 1,25-dihydroxyvitamin D, principally in the kidney (1) . In patients with CKD, the production of 1,25-dihydroxyvitamin D decreases in concert with declining renal function, a phenomenon primarily attributed to a decline in the activity of the renal 1␣-hydroxylase enzyme (2) . 1,25-dihydroxyvitamin D is considered to be the active form of vitamin D and thus has been the focus of management guidelines for ESRD, (3) whereas 25-hydroxyvitamin D is the form that reflects dietary intake or sun exposure. Serum levels of 25-hydroxyvitamin D are used to define vitamin D deficiency in the general population (4) .
However, recently it has been shown that 25-hydroxyvitamin D can be converted to 1,25-dihydroxyvitamin D at sites other than the kidney, including the prostate, breast, colon, and macrophages (5, 6) . Local production of 1,25-dihydroxyvitamin D may be important for several biologic functions in these tissues; thus, circulating 25-hydroxyvitamin D levels may be relevant even when renal production of 1,25-dihydroxyvitamin D is low. Levels of cathelicidin, an antimicrobial peptide regulated by local vitamin D conversion in macrophages, correlate with susceptibility to death due to infectious causes in hemodialysis patients (7) . Furthermore, low levels of 25-hydroxyvitamin D are associated with increased mortality in ESRD (8, 9) . Thus, there are compelling epidemiologic and basic science data that suggest that guidelines for identifying and treating 25-hydroxyvitamin D deficiency in patients with ESRD should be revised.
25-hydroxyvitamin D levels are not routinely measured in ESRD, but evidence suggests that 50% to 90% of this population is deficient; despite its high cost, testing is becoming increasingly prevalent (8,10 to 12) . Studies of the general population have identified age, race, season, smoking, and body mass index as risk factors for vitamin D deficiency (13) (14) (15) (16) (17) . However, similar analyses have not been conducted with dialysis patients, who are at additional risk of deficiency because of factors such as impaired photoproduction of vitamin D and altered levels of vitamin D binding protein and megalin (18, 19) . We used an existing cohort of incident dialysis patients to test the hypothesis that commonly collected clinical characteristics could predict the risk of vitamin D deficiency.
Materials and Methods
Accelerated Mortality on Renal Replacement (ArMORR) is a nationally representative prospective cohort study of incident chronic hemodialysis patients who began renal replacement between July 1, 2004 and July 30, 2005 at 1 of 1056 dialysis centers in the United States operated by Fresenius Medical Care, North America (7). The ArMORR data set contains a broad range of demographic and clinical data including medical problems, laboratory results, as well as serum and plasma samples. Samples were obtained at the initiation of dialysis. Clinical data were collected prospectively and entered uniformly into a central database by practitioners at the point of care. All clinical data arriving at Fresenius undergo rigorous data quality assurance and quality control auditing. Blood samples collected for clinical care were shipped to and processed by Spectra East (Rockland, NJ). After processing for routine clinical testing, remnant samples were shipped on ice to the ArMORR investigators where the samples were aliquotted and stored in liquid nitrogen tanks. This study was approved by the Institutional Review Board of the Massachusetts General Hospital and conducted in accordance with its ethical standards.
Study Population
Between July 1, 2004 and June 30, 2005, 10,044 incident hemodialysis patients were prospectively enrolled into ArMORR. A random sample of 908 patients had 25-hydroxyvitamin D levels that had previously been measured for research purposes and had demographic characteristics that were representative of the larger cohort (Table 1) (8) . The sample was randomly divided into training and validation sets for the predictive models. Randomization was performed in SAS 9.1.3 (SAS Institute, Cary, NC).
Assays
25-hydroxyvitamin D levels were measured at a single laboratory from baseline (within 14 days of dialysis initiation) samples using commercially available RIA techniques (DiaSorin Inc., Stillwater, MN). The coefficients of variation for 25-hydroxyvitamin D measurements were Ͻ3% at levels Ͻ30 ng/ml and 9.4% at levels Ͻ10 ng/ml. Albumin was measured on an Olympus 5400 using a dye binding assay. Calcium and phosphorous were measured on an Olympus 5400 using a colorometric assay. Ferritin and parathyroid hormone (PTH) were measured on an Advia Centaur using a chemiluminescence enzyme immunoassay. Hemoglobin and white blood counts were measured were measured on an Advia 120 using colorometric and flow cytometric assays, respectively.
Building a Prediction Model
The study population was randomly partitioned into training and validation sets, comprising 60% and 40% of subjects, respectively. SAS Enterprise Miner 4.3 (SAS Institute, Cary, NC) was used to algorithmically build a predictive model from the subjects in the training set. Various thresholds have been used to define vitamin D deficiency in the literature and to link deficiency to clinical outcomes. To cover the These variables were included as predictor variables for the model-building algorithms.
scope of these definitions, we included three commonly used thresholds: 30 ng/ml, (4, 8, 9, 20, 21) 20 ng/ml, (4, 14, 22, 23) , and 10 ng/ml (8,24 -26) .
We included basic demographic characteristics that might influence vitamin D levels, available clinical characteristics including documented comorbidities that might affect access to sunlight (obtained from form 2728), standard baseline laboratories typically obtained at dialysis initiation, and situational information [including season and latitude, which can affect ultraviolet (UV) light exposure and thus vitamin D production]. Candidate covariates are listed in Table 2 . Laboratory data were obtained within 14 days of initiating dialysis. Season was coded as winter (October to March) or summer (April to September). A four-category variable was used to identify the latitude of the state where each patient received dialysis. Continuous variables were converted to three binary variables using the 25th percentile, the median, and the 75th percentile as cutoffs. Variables were removed if they were not significantly correlated with target variable, on the basis of an R 2 Ͻ 0.5. The remaining variables were then processed by applying three popular methods for generating predictive models available through SAS Enterprise Miner (SAS Institute, Cary, NC): multivariate logistic regression, neural network modeling, and decision tree learning.
Multivariate regression allows simultaneous assessment of the relationship between multiple potential predictors and a binary outcome variable but does not address interactions between predictors unless these are specifically examined (27) . Artificial neural networks are nonlinear models thought to be patterned after the human brain. They are capable of detecting complex relationships between predictors and the outcome variable, including multiple interactions between predictors, but can be more difficult to interpret and apply in clinical practice than regression models (28, 29) . Decision trees (also known as classification and regression trees) are also sensitive to interaction between predictors; models are presented in a flowchart-like structure, with the population divided into smaller and smaller subgroups, which makes them easily adaptable to clinical practice (27,30 -32) . We assessed all three methods to identify the best model for this application.
For regression and neural network analysis, missing laboratory values were replaced with the most frequent value among the study population; missing values were present in Ͻ5% of subjects for all variables except for PTH (10%) and ferritin (6%). All modeling techniques used the standard settings supplied by SAS Enterprise Miner: regression models used stepwise selection; neural networks used misclassification rate, one three-unit hidden layer of three units, and a weight decay of 0; and tree modeling used 2 test with a significance cutoff of P ϭ 0.2 as a splitting criterion with a minimum of ten observations per leaf.
Model Assessment
After predictive modeling, the performance of each algorithm was assessed by receiver operating characteristic curves. On the basis of the area under the curve (or C-statistic), we selected the best algorithm for assessment in the validation set.
To facilitate interpretability of regression models, we tested these models in the validation set using a prediction score, with one point given for the presence of each predictor. After evaluating the score variable's performance in the testing set, the least predictive variable was serially removed from the score. After each variable was removed, the C-statistic was reassessed to measure the effect on the predictive value. The model that remained most stable after variable reduction was selected as the final model. 
Results
A total of 908 subjects residing in 37 different states were included in the analysis. Using the different thresholds for vitamin D deficiency, 79% of subjects had 25-hydroxyvitamin D levels Ͻ30 ng/ml, whereas 57% and 20% had levels Ͻ20 and 10 ng/ml, respectively. The distribution of 25-hydroxyvitamin D levels on the basis of patient characteristics is presented in Figure 1 . At each of the three 25-hydroxyvitamin D thresholds used for defining the outcome variable (vitamin D deficiency), regression and neural network models were superior to decision trees, with higher training-set C-statistics (Table 3) . Given the superior interpretability and performance of regression models, these models were used for subsequent analysis.
Predictors Identified
The regression model predictors (identified by stepwise selection) are displayed in Figure 2 ; seven predictors were identified when the model was developed using a threshold for vitamin D deficiency of 30 ng/ml (model 1) or 20 ng/ml (model 2), and five predictors were selected for a threshold of 10 ng/ml (model 3). For all models, initiating chronic hemodialysis in the winter, having a low serum albumin, and being of black race each increased the likelihood of vitamin D deficiency. Low albumin levels and winter initiation were among the top four most powerful predictors of vitamin D deficiency in all three models. Female sex and diabetes were predictors in models 1 and 2, whereas a serum calcium level below the median (uncorrected level Յ8.5 mg/dl) was a significant predictor in models 2 and 3.
Model Performance
When tested in the validation set, models 1 and 2 (which had C-statistics of 0.70) were superior to model 3 (C-statistic of 0.65). To identify the most parsimonious model that remained predictive, all models were reassessed after serial removal of the least predictive variables (Figure 3) . Model 2 proved the most resilient, with a decrease in C-statistic from 0.70 to 0.69 after the removal of the three variables. This simplified version of model 2 identified black race, female sex, winter season, and hypoalbuminemia (serum albumin in the lowest quartile, Յ3.1 g/dl) as being predictive of vitamin D deficiency. One-hundred Values represent the training-set C-statistic for each modeling technique when using different thresholds of 25-hydroxyvitamin D to define deficiency. C-statistic is a measure of the model's ability to correctly predict the outcome (a model with a C-statistic of 1 would always predict the correct outcome, whereas a C-statistic of 0.5 would be of no predictive value) (51). Regression models for vitamin D deficiency generated from the training set using thresholds defining deficiency as 25-hydroxyvitamin D Ͻ30 ng/ml, Ͻ20 ng/ml, and Ͻ10 ng/ml for models 1, 2, and 3, respectively. Black race, albumin, and season were identified as predictors in each of the three models. percent of black women with an albumin Յ3.1 g/dl who initiated hemodialysis during the winter had 25-hydroxyvitamin D levels Ͻ20 ng/ml. Of the 10% of the population that had none of these characteristics, 78% of patients had 25-hydroxyvitamin D levels Ն20 ng/ml.
Race and sex were the most powerful demographic predictors of 25-hydroxyvitamin D deficiency; thus, we assessed the ability of the remaining predictors (winter season and hypoalbuminemia) to identify vitamin D deficiency within each category of race and sex (Figure 4) . Regardless of the 25-hydroxyvitamin D threshold used to define deficiency, winter season and hypoalbuminemia increased the likelihood of identifying vitamin D deficiency. All black patients with hypoalbuminemia initiating dialysis in the winter had 25-hydroxyvitamin D levels Ͻ20 ng/ml. In white female patients, 94% of those with these two characteristics had levels Ͻ30 ng/ml and 88% had levels Ͻ20 ng/ml (compared with baseline prevalence of 82% and 62%, respectively). White male patients had lower baseline rates of vitamin D deficiency using thresholds of either 30 ng/ml (66%) or 20 ng/ml (44%), but these were also increased in setting of hypoalbuminemia and winter season (92% and 67%, respectively). In the overall population, these two predictors alone were highly specific for vitamin D deficiency (Table 4) .
Discussion
Using a cohort of incident dialysis patients, we identified clinical and demographic characteristics that increased the likelihood of vitamin D deficiency. In the entire cohort, the prevalence of the deficiency was high, and in subjects with hypoalbuminemia initiating hemodialysis in winter, nearly all subjects (95%) had levels Ͻ30 ng/ml and 83% had levels Ͻ20 ng/ml. This relationship was particularly strong in black patients, in whom levels Ͻ20 ng/ml were universal when hypoalbuminemia was present and dialysis was initiated in the winter. The presence of hypoalbuminemia, particularly in women and black men, may reduce the need to measure serum levels of 25-hydroxyvitamin D in patients initiating dialysis between October and March. Given the high cost of 25-hydroxyvitamin D testing relative to treatment, empiric therapy with a nutritional form of vitamin D (e.g., ergocalciferol 50,000 IU monthly) could be considered in these individuals if our results are validated by other investigators (11) .
Black race was the leading independent predictor of vitamin D deficiency when definitions were based on a 25-hydroxyvitamin D level Ͻ10 or Ͻ20 ng/ml, and remained a significant predictor using a definition of Ͻ30 ng/ml; this association has Figure 3 . Decline in predictive power of regression models to predict vitamin D deficiency after stepwise removal of the least predictive variables. At each stage, the weakest remaining predictor was removed from the model and its predictive power was reassessed. Model 2 proved most resilient to variable reduction and its top four predictors (race, sex, season, and albumin) were used in the final model. Regardless of 25-hydroxyvitamin D level used to define deficiency (Ͻ10 ng/ml, Ͻ20 mg/ml, or Ͻ30 ng/ml), individuals who initiated dialysis in winter and were hypoalbuminemic (serum albumin Յ3.1 g/dl) were more likely to be vitamin D deficient. also been observed in the general population (16, 17, 25) . Melanin absorbs UV light and reduces the energy available for conversion of 7-dehydrocholesterol to previtamin D (1). Initiation of dialysis during winter was also a powerful predictor of vitamin D deficiency regardless of cutoff, likely because of decreased UV exposure during the winter months (16, 17, 33) . Previous studies have found that photoproduction of vitamin D is markedly impaired in ESRD, suggesting that dietary sources of vitamin D would be the major determinant of 25-hydroxyvitamin D levels in this population (18) .
Low serum albumin levels were also associated with an increased risk of vitamin D deficiency in this analysis. Albumin is likely to reflect level of nutrition, and low serum albumin might correlate with lower intake of dietary sources of vitamin D. Future studies could clarify this relationship by examining if other measures of nutrition (e.g., normalized protein nitrogen appearance) also predict with vitamin D deficiency. Alternatively, low albumin could represent reduced carrying capacity for vitamin D, which largely circulates in protein-bound form (34) . However, another possible explanation is that a common disorder predisposes to hypoalbuminemia and vitamin D deficiency. This could represent chronic inflammation, an aspect of many comorbid illnesses, which may also associated with decreased UV exposure; however, further adjustment for several documented comorbidities (coronary artery disease, hypertension, chronic obstructive pulmonary disease, cancer, peripheral vascular disease, stroke, congestive heart failure, and liver disease), white blood count, and ferritin did not materially alter the relationship of albumin with vitamin D deficiency. Another such mechanism might be nephrotic syndrome, which is associated with urinary losses of albumin and may also contribute to loss of vitamin D binding protein, the major carrier protein for vitamin D (35, 36) .
Other associations we observed might be effects caused by, rather than causes of, vitamin D deficiency. Because vitamin D is needed for calcium absorption, the observation that vitamin D deficiency was associated with low calcium levels and high PTH is consistent with known physiology in individuals without kidney disease; however, the observed relationship with calcium was no longer significant when these levels were corrected for serum albumin. Given the impairment in 1␣-hydroxylase activity that occurs with CKD, 25-hydroxyvitamin D levels have previously been thought to be a poor reflection of the traditional effects of vitamin D on mineral metabolism. Prior studies have identified a correlation between 25-hydroxyvitamin D and PTH principally in early CKD (37, 38) . Our finding of an association with PTH, echoing an earlier study (39) , suggests that levels of 25-hydroxyvitamin D are also important in ESRD, even with respect to traditional actions on calcium homeostasis.
The significance of 25-hydroxyvitamin D levels in ESRD is not yet completely understood, but deficiency has been observed in most individuals on dialysis (2, 8, 26, 40) . Studies associating active vitamin D treatment with improved survival in dialysis and predialysis CKD are now numerous (41) (42) (43) (44) (45) (46) (47) . In hemodialysis patients, 25-hydroxyvitamin D levels have been shown to correlate with all-cause and cardiovascular mortality (8) . Although renal 1␣-hydroxylase activity declines as CKD advances, the same may not be true of the extrarenal enzyme (40, 48) . This activity may be particularly important in the immune system, where production of the endogenous antimicrobial peptide cathelicidin is regulated by local conversion of 25-hydroxyvitamin D to 1,25-dihydroxyvitamin D (6). Indeed, low circulating levels of cathelicidin have recently been shown to correlate with increased mortality due to infectious causes in dialysis (7) .
Although our cohort represents a broad range of dialysis units throughout the United States, (49) it is not clear if these findings are generalizable to populations outside of the United States. The direction of causality in the observed associations is uncertain, and residual confounding cannot be excluded. Additional investigation is needed to determine if repletion of 25-hydroxyvitamin D affects hyperglycemia, blood pressure, infection rates, or mortality rates in ESRD. Although this study identified clinical factors that predicted low 25-hydroxyvitamin D levels, it is not yet proven that correcting these levels is clinically beneficial. Prospective studies in ESRD, some of which are now underway, (50) are needed to identify optimal levels of 25-hydroxyvitamin D for a range of functions and to further elucidate its biology. In the absence of clinical trials, clinicians must independently determine if these findings should guide empiric therapy or simply inform future studies. Subjects with serum albumin in the lowest quartile ( Յ3.1 g/dl) who initiated dialysis in winter were more likely to by vitamin D deficient, regardless of the threshold of 25-hydroxyvitamin D used. This relationship had a high specificity, particularly for a threshold of 30 ng/ml. a PPV, positive predictive value. b NPV, negative predictive value.
